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Background and aims: Exposure to air pollution has been linked to total and cardiopulmonary mortality.
However, few studies have examined the effects of exposure over decades, or which time windows of
long term exposure are most relevant. We investigated the long term effects of residential air pollution
on total and cause-speciﬁc mortality and incidence of myocardial infarction in a well-characterized co-
hort of men in Sweden.
Methods: A cohort of 7494 men in Gothenburg was examined in 1970–1973 and followed subsequently
to determine predictors of cardiovascular disease. We collected data on residential address and cause-
speciﬁc mortality for the years 1973–2007. Each individual was assigned yearly nitrogen oxides (NOx)
exposure based on dispersion models. Using multivariable Cox regression and generalized additive
models with time-dependent exposure, we studied the association between three different time win-
dows of residential NOx exposure, and selected outcomes.
Results: In the years 1973–2007, a total of 5669 deaths, almost half of which were due to cardiovascular
diseases, occurred in the cohort. Levels of NOx exposure decreased during the study period, from a
median of 38 mg/m3 in 1973 to 17 mg/m3 in 2007. Total non-accidental mortality was associated with
participants’ NOx exposure in the last year (the year of outcome) (HR 1.03, 95% CI 1.01–1.05, per 10 mg/
m3), with the mean NOx exposure during the last 5 years, and with the mean NOx exposure since en-
rolment (HR 1.02, 95% CI 1.01–1.04 for both). The associations were similar (HR 1.01–1.03), but generally
not statistically signiﬁcant, for cardiovascular, ischemic heart disease, and acute myocardial infarction
mortality, and weaker for cerebrovascular and respiratory mortality. There was no association between
NOx exposure and incident myocardial infarction.
Discussion and conclusions: Long term residential exposure to NOx at these relatively low exposure levels
in Gothenburg was associated with total non-accidental mortality. The association was as strong for NOx
exposure in the last year as for longer exposure windows. The effect was near linear, and only marginally
affected by confounders and effect modiﬁers. The improved air quality in Gothenburg has by these es-
timates led to a 6% decrease in excess non-accidental mortality during the study period.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Long term exposure to air pollution has been associated with
increased cardiopulmonary morbidity and mortality (Brook et al.,
2010, WHO, 2013). Much of the evidence comes from AmericanInc. This is an open access article u
ental Medicine, Sahlgrenska
University Hospital, Medici-
eden.
felt).cohort studies – the Six Cities study (Dockery et al., 1993) and the
American Cancer Society (ACS) study (Pope et al., 1995). There are
also several European cohort studies reporting long term effects of
air pollution on mortality (Hoek et al., 2002; Nafstad et al., 2004;
Filleul et al., 2005; Elliott et al., 2007; Raaschou-Nielsen et al.,
2012; Carey et al., 2013; Cesaroni et al., 2013), including the recent,
multicenter European Study of Cohorts for Air Pollution Effects
(ESCAPE) project (Beelen et al., 2014).
Several different mechanisms have been suggested for the
health effects of air pollution, and have found support innder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
International Classiﬁcation of Diseases (ICD) codes and numbers of deaths from
selected causes and incident myocardial infarctions in the cohort during the study
period.
Cause of death Number % of deaths
Total mortality 5669 100
Non-accidental (ICD8 and ICD9 001-779 and ICD10
A00-R99)
5457 96
Cardiovascular (ICD8 and ICD9 400-440 and ICD10
I10.0-I70)
2465 43
Ischemic heart disease (ICD8 and ICD9 410-414, ICD10
I20-I25)
1584 28
Myocardial infarction (ICD8 and ICD9 410, ICD10 I21,
I22)
953 17
Cerebrovascular disease (ICD8 and ICD9 430-438, ICD10
I60-69)
442 8
Respiratory disease (ICD8þ9 460-519, ICD10 J00-J99) 373 7
Incident myocardial infarction (ICD8 and ICD9 410,
ICD10 I21)
1722 n.a.
n.a.¼not applicable.
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systemic inﬂammation leading to atherosclerosis and thrombosis,
autonomic imbalance and arrhythmias, endothelial dysfunction
and myocardial ischemia (Donaldson et al., 2005; Mills et al., 2005,
2007; Brook et al., 2010). In epidemiological studies, risk estimates
are generally higher in longer term (conducted over months to
years) compared to shorter term (involving days) studies (Brook
et al., 2010). However, the majority of the risk increase seems to be
manifested within 1–2 years of follow-up, indicating the im-
portance of relatively rapid biological responses versus slower
processes, such as the long term progression of atherosclerosis.
Studies using exposure information from several decades are rare,
however, and have been called for to further investigate this
question (Brook et al., 2010).
Quantitative health risk assessments of long term effects of air
pollution are often based on the results of the large ACS study
(Forsberg et al., 2005; WHO, 2006). However, risk estimates vary
between different studies, and it is still not clear which physical
and chemical properties determine the toxicity of air pollution.
The reason for different results might be methodological differ-
ences, such as variations in exposure assessment, exposure time
windows, or confounder control, or there might be true differ-
ences between geographical areas. The levels and composition of
air pollution, as well as other factors such as indoor inﬁltration
rates, and the relative distribution of possible effect-modifying
covariates (for example, diet, smoking habits, and physical activ-
ity) vary between populations.
To assess the long term health risks of ambient air pollution in
the Nordic environment, we have investigated the effects of yearly
residential outdoor nitrogen oxides (NOx) exposure on total and
cause-speciﬁc mortality, as well as incident myocardial infarction
(MI), over several decades and in different exposure time win-
dows, in a well-characterized, large cohort of men in Gothenburg,
Sweden.2. Material and methods
2.1. Study population
The Multifactor Primary Prevention Study started in 1970
(Wilhelmsen et al., 1972) and was originally an intervention trial
against smoking, hypercholesterolemia, and hypertension in a
random third (n¼10,004) of all men in the city of Gothenburg
born between 1915 and 1925, except for 1923. An initial screening
was performed in 1970–1973, with 7494 participants (participa-
tion rate 75%), and a second examination in 1974–1977 (n¼7121).
Ten years after the ﬁrst examination, a subsample of 20% of the
intervention group, and a control group, were re-examined. No
signiﬁcant differences in risk factors or outcomes were found be-
tween the groups (Wilhelmsen et al., 1986). Consequently, any
changes brought about by the intervention were taking place in
the general population as well, and the present study group (the
intervention group) is therefore considered to be representative of
the background population of the city.
For the 7494 men participating in the 1970–1973 screening,
individual yearly addresses for the entire study period (1970–
2007) were retrieved (for 1970–1978 from the National Archives
and for 1978–2007 from Statistics Sweden) and assigned geo-
graphical coordinates. All addresses were manually checked and
corrected for inconsistencies, such as spelling mistakes. Some of
the older addresses were located and assigned using maps in the
city archives.
The study period was deﬁned as January 1st, 1973, to December
31st, 2007, during which time all participants were followed based
on their unique Swedish personal identiﬁcation number. Weobtained data on cause-speciﬁc mortality according to the Inter-
national Classiﬁcation of Diseases (ICD)-8, ICD-9, and ICD-10 from
the Swedish national register on cause of death and examined
total non-accidental mortality, cardiovascular mortality, death
from ischemic heart disease (IHD), death from acute MI, death
from cerebrovascular diseases, and death from respiratory diseases
excluding lung cancer (Table 1). For incident MI, we combined
data from the hospital discharge register, the Gothenburg Registry
of Myocardial Infarctions, and the national register on cause of
death (Table 1). The study was reviewed and approved by the
Gothenburg Ethics Committee.
At baseline, the year 1973, participants were middle aged, with
ages evenly distributed between 48 and 58 years (Table 2). Over
half of the participants were initially smokers, but a relatively
large fraction (9.4% of the cohort) quit between the ﬁrst and the
second screening. Around half were employed in white collar jobs,
and half in blue collar jobs. Most (58.3%) reported a moderate
amount of physical activity in their leisure time. Almost a quarter
(24%) reported a family history of coronary events, and 15.6% said
that they were feeling constantly stressed. Only 2% had a diagnosis
of diabetes mellitus. The median body mass index (BMI) was
25.2 kg/m2, with very few participants being underweight or ob-
ese. Systolic and diastolic blood pressures were relatively high on
average, and were found to be somewhat over-estimated com-
pared to more relaxed circumstances (Wilhelmsen et al., 2004). In
addition, many cardiovascular risk factors were more prevalent at
the time (Wilhelmsen et al., 2008). Only a minority regularly took
hypertensive medication.
2.2. Exposure assessment
Yearly mean levels of NOx for the Gothenburg area were
modeled in 75,000 (250*300) 50 meter squares for the years 1975,
1983, 1991, 1997, 2004, and 2009 by the Gothenburg Environment
Department in a Gaussian dispersion model using the EnviMan
AQPlanner (OPSIS, Furulund, Sweden). NOx levels for the inter-
vening years were interpolated linearly and, thus, each individual
was given an exposure value at the residential address for each
year. When there was no address information for the participant’s
last year (due to death or emigration before addresses were col-
lected for that year), we used the NOx exposure of that year at the
preceding year’s address. For the years 1973 and 1974, the NOx
values for 1975 were used. For more detailed information, see
(Molnár et al., 2015).
A small number of participants (n¼46) died before the start of
the study period and were excluded from the analysis, as were the
Table 2
Selected characteristics for all participants, for those with baseline NOx exposure data, and for the four NOx exposure quartiles.
All participants With baseline NOx NOx quartile 1 NOx quartile 2 NOx quartile 3 NOx quartile 4
Mean NOx at baseline (range) mg/m3 42 (5–186) 20 (5–25) 31 (25–38) 44 (38–51) 72 (52–186)
Number 7494 6557 1638 1645 1634 1640
Age at baseline, mean (range) Years 53.2 (48–58) 53.3 (48–58) 52.8 (48–58) 53.2 (48–58) 53.5 (48–58) 53.5 (48–58)
Smoking categories, % (n) Never-smokers 24.7 (1851) 25.2 (1648) 28.1 24.4 24.8 23.2
Ex-smokers at screen-
ing 1
22.3 (1671) 21.9 (1434) 23.8 20.9 22.1 20.9
Quit before screening 2 9.4 (703) 9.6 (627) 8.9 10.5 9.0 9.9
Light smokers 27.5 (2061) 27.7 (1811) 24.9 28.2 29.0 28.4
Heavy smokers 16.0 (1201) 15.8 (1032) 14.3 16.1 15.1 17.6
Occupational class % (n) High rank white collar 10.8 (812) 10.9 (716) 11.6 9.4 8.6 14.2
Mid rank white collar 16.9 (1266) 17.1 (1117) 20.4 17.3 13.8 16.8
Low rank white collar 18.7 (1400) 18.8 (1233) 18.0 19.7 19.1 18.4
Skilled manual labor 25.6 (1914) 25.7 (1681) 24.1 26.4 28.6 23.5
Unskilled manual labor 22.6 (1691) 22.5 (1475) 20.1 23.2 24.5 22.3
Disability pension;
others
5.4 (405) 5.0 (330) 5.9 4,0 5.5 4.8
Leisure time physical activity, % (n) Sedentary 26.0 (1920) 26.0 (1682) 25.4 25.1 25.3 28.5
Moderate 58.3 (4308) 58.9 (3809) 58.8 59.4 59.6 57.7
Intermediate and
vigorous
15.8 (1166) 15.2 (981) 15.9 15.5 15.1 14.1
Self-perceived psychological stress,
% (n)
Persistent stress 15.6 (1100) 15.4 (950) 15.0 15.7 16.0 15.0
No persistent stress 84.4 (5950) 84.6 (5220) 85.0 84.3 84.1 85.0
Diabetes mellitus, % (n) Yes 2.0 (149) 1.9 (126) 2.1 2.0 1.6 2.0
No 98.0 (7301) 98.1 (6395) 97.9 98.0 98.2 98.0
Family history of acute MI, % (n) Yes 24.0 (1799) 23.9 (1565) 23.9 23.0 24.9 23.7
No 76.0 (5695) 76.1 (4992) 76.1 77.0 75.2 76.3
BMI, median (5th–95th percentiles) 25 (21–31) 25 (21–31) 25 (21–31) 25 (21–30) 25 (21–31) 25 (21–31)
S-cholesterol, mean (5th–95th
percentiles)
mmol/L 6.5 (4.8–8.5) 6.5 (4.8–8.4) 6.5 (4.8–8.3) 6.4 (4.8–8.3) 6.5 (4.8–8.4) 6.5 (4.8–8.6)
Systolic BP, mean (5th–95th
percentiles)
mmHg 149 (118–190) 149 (118–190) 148 (118–190) 148 (118–188) 149 (118–190) 149 (118–190)
Diastolic BP, mean (5th–95th
percentiles)
mmHg 95 (76–118) 95 (76–118) 94 (76–118) 94 (76–116) 95 (76–118) 95 (76–120)
Antihypertensive medication, % (n) Yes 16.3 (1221) 16.5 (1081) 15.8 15.7 17.1 17.3
No 83.7 (6273) 83.5 (5476) 84.3 84.3 82.9 82.7
BMI¼body mass index; BP¼blood pressure; MI¼myocardial infarction.
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found in any register. Each year, some participants (5–10%) had
insufﬁcient address information (for example, giving only a postal
box address) for assigning precise coordinates, or the assigned
coordinates were outside our modeled area and could therefore
not be assigned a NOx value. Some of the addresses at the border
of the modeled area, however, could reliably be assigned, as de-
scribed previously (Molnár et al., 2015). At baseline, we were able
to model exposure for 6557 participants (Fig. 1). Different ex-
posure windows were examined (see below), to test the effects of
longer term exposures versus more recent exposures.
2.3. Covariates
Information on covariates, potential confounders, and effect
modiﬁers was collected both during the initial screening per-
formed in 1970–1973 and at the follow-up examination in 1974–
1977. Data on occupation, smoking habits, leisure time physical
activity, diabetes, hypertensive medication, and family history of
acute MI was collected by questionnaires. Data on height, weight,
and systolic and diastolic blood pressure, as well as cholesterol
levels, was collected during a medical examination by health careprofessionals.
Regarding tobacco smoking habits, questionnaire information
from both examinations was used and participants were categor-
ized into ﬁve groups, as “never-smokers,” “ex-smokers, screening
1,” “smokers quitting between screening 1 and screening 2,” “light
smokers” (a consumption of cigars, pipe tobacco, and cigarettes
the equivalent of 1–15 cigarettes/day), and “intermediate and
heavy smokers” (the equivalent of 415 cigarettes/day).
Occupation was classiﬁed into six classes according to a so-
cioeconomic classiﬁcation system of Statistics Sweden, as de-
scribed by Rosengren et al. (1988). The classes were: (1) higher
civil servants, executives, employed, and self-employed profes-
sionals, (2) intermediate, non-manual employees, (3) foremen in
industrial production and assistant, non-manual employees,
(4) skilled workers, (5) unskilled and semi-skilled workers, and
(6) non-professional, self-employed individuals, men with dis-
ability pensions, and “unclassiﬁable.”
Physical activity during leisure time was categorized into
(1) mainly sedentary activity, such as reading or watching televi-
sion, (2) moderate activity, such as walking or riding a bike at least
4 h a week, (3) regular strenuous physical activity, such as running
or swimming 2–3 h a week, and (4) athletic training or
Fig. 1. Map of the modeled concentrations of NOx (mg/m3) in the city of Gothenburg, Sweden, in 1975. Each black dot represents the residential address of one participant.
L. Stockfelt et al. / Environmental Research 142 (2015) 197–206200competitive sports several times per week. In our analysis, we
combined categories 3 and 4.
Psychological stress was given on a 6-point ordinal scale, as
described by Rosengren et al. (2008). In this study, it was dichot-
omized, with the two highest categories classiﬁed as persistent
stress. Diagnosis of diabetes mellitus at baseline was recorded as
“yes/no.” Family history of coronary events (i.e., reporting MI in
the subject’s father, mother, or sibling) was dichotomized (yes/no).
Height was measured to the nearest centimeter and weight to
the nearest 0.1 kg, and BMI was calculated. The mean BMI across
the two measurements was calculated. Since the relation between
BMI and mortality is roughly J-shaped (Berrington de Gonzalez
et al., 2010), BMI was categorized into quintiles. Systolic and dia-
stolic blood pressure was measured, after 5 min of rest, to the
closest 2 mmHg, and values from screening 1 were used in the
analysis. Subjects taking antihypertensive medication in either
examination were deﬁned as treated hypertension, compared to
those not taking medication and those with missing information.
Participants with a systolic blood pressure 4140 mmHg, a dia-
stolic blood pressure 490 mmHg, or taking antihypertensive
medication were deﬁned as hypertensive. Serum cholesterol con-
centrations at screening 1, in a sample after at least 2 h of fasting,
were determined according to standard laboratory procedures.2.4. Statistical methods
The associations between NOx and mortality outcomes (total
non-accidental, cardiovascular, IHD, acute MI, cerebrovascular, and
respiratory mortality) were estimated using Cox proportional ha-
zards models with age as the time scale. We used three different
exposure windows: (1) NOx exposure in the last year (exposure
during the year of outcome/censoring), (2) the 5 year mean NOx
exposure (a moving average over the year of outcome/censoring
and the 4 preceding years), and (3) the mean NOx exposure since
enrolment (the mean NOx exposure of all years from enrolment in
1973 until the year of outcome/censoring). For all three exposure
windows, NOx (mg/m3) was included as an annual, time-dependent
variable. For exposure windows 2 and 3, we excluded estimates
that were based on o80% of the intended data. Participants were
censored at the end of the study period, at the time of death due to
cause of death other than the relevant outcome, or at loss to fol-
low-up due to missing exposure information (mainly because of
emigration). For incident MIs the procedure was the same, but
participants were also censored after the ﬁrst MI.
Analyses for each outcome were performed for all three ex-
posure windows using three models. Model 1 was a crude model
only including NOx, age as time scale, and calendar year as a third
degree polynomial. Model 2 also included smoking status and
occupational class since these covariates were associated with
Table 3
Median NOx exposure levels and 5th–95th percentiles in the cohort for selected
years.
Year n Median NOx (mg/m3) 5th–95th percentiles
1973 6557 38 16–86
1983 5134 44 18–102
1993 3623 28 12–64
2003 1892 21 12–40
2007 1155 17 10–31
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cluded all available potential explanatory variables, except those
excluded because of collinearity (namely diastolic blood pressure
due to a high correlation with systolic blood pressure, and physical
activity at work due to a high correlation with occupational class).
Model 2, including the “true” confounders, was considered our
main model and used in all subsequent analyses.
Potential effect modiﬁcation was tested by including covariates
one by one into Model 2 as binary variables, with an interaction
term for NOx * covariate; thereafter, stratiﬁed results were ex-
amined. For the sensitivity analysis, we included the covariates
previously excluded due to collinearity and changed the time scale
to time in study. Analyses were performed with/without calendar
year in the model, and with calendar year as linear variable
compared to a third degree polynomial. Data analysis was per-
formed using version 9.3 of the SAS software package (SAS In-
stitute, Cary, NC, USA).
In the proportional hazards model, NOx was assumed to have a
linear effect on the outcome (a constant effect of increased NOx,
independent of the level). We also allowed the effect to be non-
linear, using generalized additive models (GAMs) and the mgcv
package in R, version 3.0.2 (R Development Core Team, 2015). A
Poisson regression model (for covariate Model 2) was ﬁtted where
the effect of both last year’s NOx exposure and calendar year was
represented as smooth functions. The smooth functions were re-
presented using penalized regression splines.Fig. 2. Distribution of NOx exposure in the cohort, represented by the number of
participants in each interval of NOx exposure, for (1) exposure the last year, (2) the
mean exposure of the last 5 years, and (3) the mean NOx exposure since enrolment.3. Results
The baseline characteristics for all participants in the initial
cohort, as well as for the subgroup of 6557 individuals for whom
we could model exposure at the study start in 1973, are described
in Table 2. The distribution of covariates in the group with NOx
exposure data at study start was similar to that of the whole co-
hort. Table 2 also shows the distribution of the covariates in the
four quartiles of baseline NOx exposure. Non-smokers (never-
smokers and ex-smokers at screening 1) were more frequent in
the lowest NOx exposure quartile, and heavy smokers were more
frequent in the highest NOx exposure quartile. There were also
some differences regarding occupational class, with a tendency for
white collar workers of higher ranks to be more frequent in both
the highest and the lowest NOx exposure quartiles. All other cov-
ariates were fairly evenly distributed across the different strata of
NOx exposure.
Mean NOx exposure at baseline in the entire cohort was 42 mg/
m3; in the different exposure quartiles, it was 20, 31, 44, and 72 mg/
m3, respectively (Table 2). Exposure levels increased for the ﬁrst
decade of the study period and then decreased over time until the
end of the study period (Table 3). At the end of the study period,
exposure levels in the cohort were less than half of those at
baseline.
Fig. 2 shows the distribution of NOx exposure in the cohort for
the three different exposure time windows. Most participants’residential NOx exposure was between 10 and 50 mg/m3 for all
three exposure windows. Exposure levels were somewhat higher
for the mean exposure since enrolment compared to the 5-year
mean exposure or to the exposure last year, reﬂecting the decrease
in exposure over time. More details can be found in (Molnár et al.,
2015).
During the study period, 5669 deaths (76% of participants)
occurred in the cohort. Almost all (96%) were non-accidental, and
43% were caused by cardiovascular diseases (Table 1). The num-
bers of events ﬁnally used in the different models and exposure
windows are shown in Tables 4 and 5.
The risk of total non-accidental mortality was associated with
NOx exposure at participants’ residential addresses (Table 4). Effect
sizes were similar for the three exposure time windows, hazard
ratio (HR) 1.03, 95% conﬁdence interval (CI) 1.01–1.05, per 10 mg/
m3 NOx, for NOx exposure in the last year; HR 1.02, 95% CI 1.01–
1.04, for the 5-year mean NOx exposure, and HR 1.02, 95% CI 1.01–
1.04, for the overall mean NOx exposure since enrolment using our
main confounder model. The results did not change substantially
between the crude model (Model 1), our main model (Model 2),
and the model adjusting for all covariates (Model 3) (Table 4).
The risk of cardiovascular mortality showed a tendency to in-
crease with higher residential NOx exposure for all three exposure
time windows, but the association was not statistically signiﬁcant
in most models (Table 4). Results for mortality due to IHD and
acute MI were similar. The effect of residential NOx exposure on
mortality from cerebrovascular and respiratory diseases was
weaker (Table 4). The hazard ratios for the effects of NOx exposure
on incident MI were close to null for all three exposure windows
(Table 5).
Smooth functions for concentration–response showed that the
relationship between NOx exposure in the last year and non-ac-
cidental and cardiovascular mortality was almost linear, while for
IHD the effects per mg/m3 tended to be weaker at very high levels
(4100 mg/m3) (Fig. 3). The number of observations was low at
high exposure levels though. The effect estimates were similar in
all calendar periods except for 1983–92 (Supplementary Table S1),
and were near linear for all analyses except for IHD and total
mortality 1972–1983 where effects per mg/m3 tended to be weaker
at very high levels (4100 mg/m3). A smooth function for calendar
year yielded results similar to those when calendar year was used
as a third degree polynomial. The results were not sensitive to the
choice of degrees of freedom.
The effects of NOx exposure on non-accidental and cardiovas-
cular mortality, stratiﬁed by potential effect modiﬁers, are shown
in Table 6. There was a stronger association for both non-acci-
dental and cardiovascular mortality in participants with
Table 4
Hazard ratios (with 95% conﬁdence intervals) per 10 mg NOx /m3 for selected causes of mortality and three NOx exposure metrics: the last year, the mean of the last 5 years,
and the mean since enrolment. The number of events and total person–years for each model are also shown.
Mortality outcomes
NOx exposure Model Person–years Total non-accidental Cardiovascular IHD MI Cerebrovascular Respiratory
Last year 1 146,611 HR (95% CI) 1.03 (1.01–1.05) 1.02 (0.99–1.04) 1.02 (0.99–1.05) 1.03 (0.99–1.07) 1.01 (0.94–1.08) 1.02 (0.96–1.10)
Events 4055 1844 1174 701 323 277
2 146,419 HR (95% CI) 1.03 (1.01–1.05) 1.02 (0.99–1.04) 1.02 (0.99–1.05) 1.03 (0.99–1.07) 1.02 (0.95–1.09) 1.01 (0.94–1.09)
Events 4047 1840 1171 700 322 276
3 135,107 HR (95% CI) 1.02 (1.01–1.04) 1.02 (0.99–1.05) 1.02 (0.99–1.05) 1.04 (1.00–1.08) 1.01 (0.94–1.09) 1.01 (0.93–1.09)
Events 3694 1671 1064 642 296 252
Last 5 years 1 126,831 HR (95% CI) 1.03 (1.00–1.04) 1.02 (0.99–1.04) 1.02 (0.99–1.05) 1.03 (0.99–1.07) 1.00 (0.94–1.07) 1.01 (0.92–1.08)
Events 3974 1819 1152 694 321 277
2 126,669 HR (95% CI) 1.02 (1.01–1.04) 1.01 (0.99–1.04) 1.02 (0.99–1.05) 1.03 (0.99–1.07) 1.01 (0.94–1.08) 1.00 (0.93–1.07)
Events 3967 1815 1149 693 320 277
3 116,980 HR (95% CI) 1.02 (1.00–1.04) 1.01 (1.00–1.04) 1.02 (0.99–1.05) 1.04 (1.00–1.08) 1.00 (0.94–1.08) 0.99 (0.92–1.07)
Events 3619 1649 1045 635 294 254
Since enrolment 1 144,962 HR (95% CI) 1.03 (1.01–1.05) 1.03 (1.00–1.05) 1.03 (1.00–1.05) 1.03 (0.99–1.07) 1.03 (0.97–1.08) 1.02 (0.96–1.08)
Events 3963 1821 1160 696 323 269
2 144,766 HR (95% CI) 1.02 (1.01–1.04) 1.02 (1.00–1.04) 1.02 (0.99–1.05) 1.03 (0.99–1.06) 1.03 (0.97–1.09) 1.00 (0.94–1.07)
Events 3956 1818 1157 695 322 268
3 133,660 HR (95% CI) 1.02 (1.01–1.04) 1.02 (1.00–1.05) 1.02 (0.99–1.05) 1.03 (0.99–1.07) 1.03 (0.97–1.09) 1.00 (0.93–1.06)
Events 3613 1658 1057 639 295 248
Model 1 includes only calendar year.
Model 2 includes calendar year, occupational class and smoking.
Model 3 includes all available potential confounders and risk factors.
Hazard ratios in bold represent p-values o0.05.
Table 5
Hazard ratios (with 95% conﬁdence intervals) per 10 mg NOx/m3 for incident
myocardial infarctions for the three NOx exposure metrics: exposure in the last
year, the mean exposure of the last 5 years, and the mean exposure since enrol-
ment. The number of events and total person–years for each model are also shown.
NOx exposure Model Person–years Events HR 95% CI
Last year 1 137,910 1493 1.01 0.98–1.03
2 137,756 1490 1.00 0.98–1.03
3 127,126 1366 1.00 0.97–1.03
Last 5 years 1 118,316 1410 1.01 0.98–1.04
2 118,192 1407 1.01 0.98–1.03
3 109,167 1290 1.00 0.98–1.03
Since enrolment 1 136,426 1470 1.00 0.98–1.03
2 136,268 1467 1.00 0.98–1.03
3 125,826 1343 1.00 0.97–1.03
Model 1 includes only calendar year.
Model 2 includes calendar year, occupational class and smoking.
Model 3 includes all available potential confounders and risk factors.
Fig. 3. Smooth functions (with 95% conﬁdence intervals) describing the impact of NOx e
the log(rate), estimated using confounder Model 2 (age, calendar year, smoking class, a
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however, not hold up to further analysis, since the strongest as-
sociation was in the group with blood pressure ranging from 140/
90 to 165/100, compared to both higher and lower blood pressure,
which is not biologically plausible. For cardiovascular mortality,
there was a stronger association with NOx in those with heredity
for cardiovascular disease. When stratiﬁed by birth year, the as-
sociation between NOx exposure and non-accidental mortality was
stronger among individuals born in the years 1921–1925 com-
pared to those born in 1915–1920. Inclusion of work time physical
activity and diastolic blood pressure (excluded due to collinearity
with occupational class and systolic blood pressure) did not affect
the association between NOx exposure and non-accidental or
cardiovascular mortality. Nor was there an effect of change of time
scale to time in study instead of age (data not shown). The asso-
ciations between NOx exposure and non-accidental as well as
cardiovascular mortality was somewhat stronger when calendar
year was not included in the model (Supplementary Table S2).
Most traditional risk factors (here included as covariates in
Model 3) had a positive association with the risk of non-accidental
mortality (Supplementary Table S3). Results were fairly consistentxposure during the last year on selected mortality outcomes. The curves represent
nd occupational class). CVD¼cardiovascular disease; IHD¼ ischemic heart disease.
Table 6
Hazard ratios (with 95% conﬁdence intervals) per 10 mg NOx/m3 associated with the last year’s NOx exposure, by potential effect modiﬁers. Adjusted for age (as time scale),
calendar year, smoking, and occupational class, except when stratiﬁed on that covariate.
Non-accidental mortality Cardiovascular mortality
Covariate Covariate level HR (95% CI) HR (95% CI)
Whole cohort 1.03 (1.01–1.05) 1.02 (0.99–1.04)
Smoking Smokers 1.04 (1.01–1.06) 1.03 (0.99–1.06)
Non-smokers 1.02 (1.00–1.05) 1.01 (0.97–1.05)
p for interaction 0.10 0.74
Occupational class Blue collar 1.03 (1.01–1.06) 1.01 (0.97–1.05)
White collar 1.02 (1.00–1.05) 1.02 (0.98–1.06)
p for interaction 0.59 0.41
BMI o median 1.04 (1.01–1.06) 1.02 (0.98–1.06)
4 median 1.02 (0.99–1.04) 1.01 (0.97–1.04)
p for interaction 0.82 0.98
Blood pressurea Hypertensive 1.03 (1.02–1.05) 1.02 (0.99–1.05)
Non-hypertensive 0.99 (0.95–1.04) 0.99 (0.92–1.06)
p for interaction 0.007 0.08
Leisure time physical activity Sedentary 1.02 (0.99–1.05) 1.01 (0.96–1.06)
Non-sedentary 1.03 (1.01–1.05) 1.02 (0.99–1.05)
p for interaction 0.98 0.91
Persistent psychological stress yes 1.03 (0.99–1.07) 1.01 (0.95–1.07)
no 1.03 (1.01–1.05) 1.02 (0.99–1.05)
p for interaction 0.22 0.76
Heredity for acute MI yes 1.04 (1.01–1.08) 1.05 (1.00–1.10)
no 1.02 (1.00–1.05) 1.00 (0.97–1.04)
p for interaction 0.28 0.04
Serum cholesterol o median 1.03 (1.00–1.05) 1.00 (0.96–1.04)
4 median 1.03 (1.00–1.05) 1.02 (0.99–1.06)
p for interaction 0.40 0.06
Birth year 1915–1920 1.01 (0.99–1.03) 1.01 (0.98–1.04)
1921–1925 1.06 (1.03–1.09) 1.03 (0.98–1.08)
p for interaction 0.04 0.15
Hazard ratios in bold represent p-values o0.05.
BMI¼body mass index.
a “Hypertensive” deﬁned as screening 1 systolic blood pressure Z140 mmHg or diastolic blood pressure Z90 mmHg or taking hypertensive medication.
L. Stockfelt et al. / Environmental Research 142 (2015) 197–206 203for the different NOx exposure windows, but varied somewhat for
different mortality outcomes (data not shown). Mortality was
strongly associated with smoking and with a diagnosis of diabetes
mellitus. Occupational classes with lower socioeconomic status,
less leisure time physical activity, persistent psychological stress,
heredity for coronary events, higher systolic blood pressure,
higher serum cholesterol, and taking hypertensive medication
were also associated with mortality. In most models, the age-ad-
justed risks of mortality were negatively associated with calendar
year.4. Discussion
In this long-term cohort study of men in Gothenburg, we found
associations between long term residential exposure to NOx and
total non-accidental mortality. This association was as strong for
NOx exposure during participants’ last year as for the mean NOx
exposure during the preceding 5 years and the mean NOx ex-
posure since enrolment.
Air pollution studies using exposure information from several
decades are rare, and have been called for to further investigate
the roles of the accumulation of acute events versus the accel-
eration of chronic cardiovascular processes (Brook et al., 2010). To
our knowledge, the current study is the ﬁrst study of the effect of
air pollution on mortality, comparing exposure time windows of
several decades with the most recent year of exposure. The effect
sizes were similar for exposure in the last year compared to the5 year mean exposure and to the mean exposure since enrolment,
though, consistent with both the importance of shorter term ef-
fects and effects over decades. The high correlation between
shorter and longer term exposures makes separation of the two
difﬁcult, however.
Effects of the last year’s, or the last few years’, air pollution
exposure have also been found in other, recent studies (Elliott
et al., 2007; Schwartz et al., 2008; Lepeule et al., 2012), and re-
ductions in air pollution levels have been shown to decrease car-
diovascular event rates already within months or a few years
(Brook et al., 2010). This points towards the importance of com-
paratively rapid effects of air pollution on the cardiovascular and
respiratory systems, such as the instigation of plaque instability,
decreased endothelial function, inﬂammation, increased throm-
botic potential, and increased risk of pneumonia, in comparison to
slower processes, such as the long term progression of athero-
sclerosis over decades. However, a comparison of studies using
different time scales of exposure (Pope, 2007) found similar, but
slightly stronger, effects for 10 year exposures compared to 1 year
exposures, indicating that chronic exposure is also important. The
risk estimates from long term studies (involving years) of air
pollution are also consistently higher than those of short term
studies (days), although this may to some extent be a result of
methodological differences (Brook et al., 2010).
The effect sizes of the associations between NOx exposure and
non-accidental mortality were in the expected range. Our esti-
mates of a 3% (95% CI for HR 1.01–1.05) increase in non-accidental
mortality per 10 mg/m3 NOx for last year’s exposure and a 2% (95%
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and the mean exposure since enrolment are somewhat higher
than the results of the ESCAPE study: 2% (95% CI for HR 1.00–1.04)
per 20 mg/m3 NOx in the main confounder model, and 3% (95% CI
for HR 1.00–1.05) in the model most comparable to Model 3 in the
present study (Beelen et al., 2014). Our estimates are, however,
lower than results obtained in a Norwegian cohort: an 8% increase
in non-accidental mortality per 10 mg/m3 NOx (95% CI for HR 1.06–
1.11) (Nafstad et al., 2004).
Several studies have reported associations with NO2 rather
than NOx. Regarding the long-term effects of residential NO2 on
mortality, two recent reviews found pooled effect estimates of
5.5% (95% CI for 3.1–8.0%) (Hoek et al., 2013) and 4% (95% CI for HR
1.02–1.06) (Faustini et al., 2014) per 10 mg/m3 of NO2. In this study
NO2 accounts for about 90% of NOx at low exposure levels and half
of NOx at high exposure levels (close to emission sources, i e major
roads, where a higher proportion of NOx is NO rather than NO2).
Our effect estimates are thus equal to, or slightly lower than, the
pooled estimates for NO2. The results of different studies are
heterogeneous (Hoek et al., 2013; Faustini et al., 2014), possibly
reﬂecting true differences between geographical areas, or metho-
dological differences. Conﬁdence intervals generally overlap,
though.
We found effect estimates for cardiovascular mortality to be
similar to, or slightly lower compared to, those for total non-ac-
cidental mortality, but with wider conﬁdence intervals usually
including no effect. For NOx exposure in the last year, we observed
a 2% (95% CI for HR 0.99–1.05) increase per 10 mg/m3 NOx. Some
previous studies (using NO2) report stronger effects for cardio-
vascular compared to all-cause mortality, whereas others report
weaker effects, as reviewed by Hoek et al. (2013), and some report
essentially null results (Beelen et al., 2014; Carey et al., 2013; Hoek
et al., 2013). The recent review by Faustini et al. (2014) estimated a
large pooled effect size of a 13% increase (95% CI for HR 1.09–1.18)
per 10 mg/m3 of NO2, but their results were affected by a few
studies with very high relative risks. When their analysis was re-
stricted to the studies of the general population with better ex-
posure assessment, the effect estimate was only 3% (95% CI for HR
1.02–1.04) per 10 mg/m3 of NO2, which is comparable to our
results.
For mortality due to IHD and acute MI, we found similar risk
estimates, by residential NOx exposure, as for total non-accidental
mortality, but wider CIs, most often including no effect (Table 4).
For cerebrovascular and respiratory mortality, the results were
weaker, often close to null.
While there was a tendency of an effect of residential exposure
to NOx on mortality from IHD or MI, the effects on incidence of MI
were close to null (Table 5). Similarly weaker (or null) effects of air
pollution on non-fatal compared to fatal cardiac events have been
found previously (Rosenlund et al., 2006, 2009, 2008; Miller et al.,
2007; Gan et al., 2011; Puett et al., 2009). It has been suggested
that air pollution affects the severity of the response rather than
initiating it, or that mechanisms related to acute effects, such as
arrhythmia, may be of importance (Rosenlund et al., 2009). The
recent, multicenter ESCAPE study found stronger associations for
particulate matter (PM) and incidence of coronary events than for
PM and cardiovascular mortality (Cesaroni et al., 2014). The asso-
ciations found between NOx exposure and incidence of coronary
events in that study were weak, however.
We do not consider the ﬁndings of this study to primarily in-
dicate a causal association between NOx exposure per se and
mortality. Rather, we consider NOx to be a proxy for the complex
mixture of combustion-related particulate air pollution. Compared
to NO2, which depends also on ozone levels, NOx is a better marker
for vehicle exhaust particles (Johansson et al., 2009). Concentra-
tions of NOx have been shown to correlate well with particlenumber concentrations, especially at wintertime and close to
roads (Johansson et al., 2007; Kwasny et al., 2010; Sánchez Jiménez
et al., 2012). Studies in Gothenburg showed similar results (Janhall
and Hallquist, 2005). In the 2000 s the mean annuals levels at a
central monitoring station in Gothenburg were around 15–25 mg/
m3 for PM10, 10–15 mg/m3 for PM2.5, 40–55 mg/m3 for ozone, and
30–40 mg/m3 for NOx.
Analysis using smooth functions of the effect of residential NOx
exposure on mortality outcomes showed a near linear relation-
ship, concurrent with recent, large scale studies of ambient air
pollution (Beelen et al., 2014; Cesaroni et al., 2013). No signs of
deviation from linearity were seen in the lowest range of ex-
posures, with air pollution levels lower than in most other studies
and well below air quality standards (the limit value for annual
mean NO2 exposure in the European Union is 40 mg/m3). Im-
provements in air quality should therefore yield reductions in
mortality even at low exposure levels. The decrease in NOx ex-
posure during the study period from a median of 38 mg/m3 NOx in
1973 to 17 mg/m3 in 2007 would by these estimates have led to a
6% reduction in non-accidental mortality from last year NOx ex-
posure, a substantial health beneﬁt on a population level. A person
moving in 1990 from the 80th percentile (49 mg/m3) to the 20th
percentile of NOx exposure (20 mg/m3), would by these estimates
have reduced the excess risk of non-accidental mortality by 8%.
In this study, we collected extensive individual data on poten-
tial risk factors for mortality (Table 2). We analyzed our data using
several models: a crude model with only age (time scale) and
calendar year (Model 1), a model also including smoking and oc-
cupational class (Model 2), and, ﬁnally, Model 3 adjusted for
multiple covariates (Table 4). Our main model, Model 2, included
only the covariates we considered to be true confounders – age,
calendar year, smoking, and occupational class. These confounders
were ﬁrst selected based on theoretical knowledge of the re-
lationships between NOx exposure, cardiovascular mortality, and
all covariates. Occupational class was considered a true con-
founder since it, as an indicator of social class, is related to both
mortality outcomes and NOx exposure through residential area.
Calendar year was considered a possible true confounder since
there have been simultaneous decreasing trends in and in NOx
exposure (Table 3) as well as coronary disease and risk factors
(Wilhelmsen et al., 2008) and mortality (Berg et al., 2014) in the
area during our study period – though since we have been fol-
lowing a closed cohort the trends in the population are not ne-
cessarily relevant. If the decrease in mortality is in part due to the
decrease in air pollution exposure, we have overcontrolled for, and
underestimated, the effects of NOx in our study. It seems, however,
unlikely that the effect of reducing NOx has been as important as
other individual risk factors and improved medical treatments that
have decreased cardiovascular risk over time (Bjorck et al., 2015).
In the statistical analysis, not only occupational class and ca-
lendar year, but also tobacco smoking class was associated with
NOx exposure and mortality outcomes; and consequently, it was
also included in the main model. None of the other covariates
showed strong correlations with NOx exposure, and the inclusion
of these in Model 3 therefore only marginally affected the effect
estimates for NOx exposure on mortality outcomes.
To investigate possible effect modiﬁcation, we included cov-
ariates separately into Model 2 as binary variables (Table 6). The
effect of residential NOx exposure on cardiovascular mortality was
stronger in participants with heredity for coronary events, possibly
signifying a higher vulnerability. Stratiﬁcation by birth cohort,
however, showed a somewhat stronger effect of NOx on non-ac-
cidental mortality in the slightly younger participants. Results
were not sensitive to change in time scale to one based on time in
study rather than age, and neither were they sensitive to re-
introduction of covariates excluded due to collinearity. Results
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the model.
There are several strengths to this study. One is that it is a
prospective cohort study conducted over a long time period with
individual confounder information collected by medical personnel.
For each included individual, we have estimated yearly residential
exposure levels for the entire study period, thus reducing possible
misclassiﬁcations from extrapolation forwards and backwards. The
length of the study period, combined with historical exposure
data, also allowed analysis of the effects of exposure time windows
that were several decades long, to evaluate the relative effects of
chronic exposure on the long term progression of atherosclerosis,
as well as shorter term effects. Using exposure during time win-
dows before outcomes is biologically more relevant than using
only exposure from a limited time such as an index year. The age of
the participants and the length of the study allowed us to follow
the cohort during the times in which most outcomes occurred.
Participants could be followed and outcomes collected, with
little loss to follow-up, through nationwide registries of high
quality. Air pollution exposure data were derived from emission-
based dispersion models, a method deemed to be at least as good
as other, commonly used methods (Beelen et al., 2010). Dispersion
models may be especially useful when assessing retrospective
individual air pollution exposure over longer time periods.
The quality of the exposure models of course depends on the
quality of data on historical emissions. We consider the validity of
our models to be good (Molnár et al., 2015). The resolution in this
study (50*50 m squares) is also high, which promotes a high
spatial contrast. All analyses were based on within-city contrasts,
likely to be a better than between-city comparisons.
Some limitations need to be considered, such as exposure
misclassiﬁcation. Because measuring personal air pollution is not
possible in this type of study, our best approximation is residential
outdoor exposure. However, inﬁltration rates for ﬁne particles
have been shown to be relatively high in Gothenburg (around 0.7).
The correlations between outdoor and personal exposure were
around 0.7 as well (Molnár et al., 2006). We lack information on
possibly inﬂuencing factors, such as time spent at home, indoor air
exposure, workplace address and occupational exposure. Exposure
misclassiﬁcation due to this is, however, likely to be non-differ-
ential, biasing the risk estimate towards the null.
Covariate information was collected only at baseline, and at a
second screening in 1974–1977, and may not be applicable to the
entire study period. Lifestyle changes, such as quitting smoking,
recidivism in those who had quit smoking, or increasing or de-
creasing leisure time physical activity, changing jobs or retiring
may therefore also cause misclassiﬁcation. This would lead to at-
tenuation of the effects on mortality of the risk factors included in
the model, but seems unlikely to induce any systematic bias with
regard to the effect of air pollution on mortality.
Also, this cohort only included men and the results are not
necessarily valid for women. Whether there are any sex differ-
ences in susceptibility to air pollution is not clear. Some studies
have found stronger effects of air pollution on mortality in men
compared to women (Beelen et al., 2014; Cesaroni et al., 2013; Gan
et al., 2011), some have found the opposite (Chen et al., 2005; Kan
et al., 2008), and others have found no sex differences (Raaschou-
Nielsen et al., 2012; Rosenlund et al., 2009; Gan et al., 2011; Pope
et al., 2002). Two cohort studies that included only women
showed robust risk estimates (Puett et al., 2008; Miller et al.,
2007), whereas one cohort including only men showed no effects
(Puett et al., 2011).
An alternative explanation for the observed association be-
tween NOx exposure and mortality could be that the effect is due
to another variable with similar spatial distribution as NOx. Un-
fortunately, we did not have area-level socioeconomic variables ofgood enough quality to be included in the main models. We do not
believe this has led to a systematic bias though. In sensitivity
analyses, including current area-level socioeconomic index, the
effect of NOx on mortality was unchanged for the period from
1990 and onwards. The areas with the highest socioeconomic
status in Gothenburg are located both in areas with the highest
NOx exposures within the city center and in areas with the lowest
exposures in the southwestern suburbs. The proportion of parti-
cipants in the highest occupational class is correspondingly higher
in the lowest and the highest NOx exposure quartiles (Table 1).5. Conclusions
In this 35-year cohort study of men in Gothenburg, we found
consistent associations between residential NOx exposure and
total non-accidental mortality, and similar tendencies for cause-
speciﬁc cardiovascular mortality, but not for incident MI. The effect
of NOx on mortality was near linear, and was only marginally af-
fected by confounders and effect modiﬁers. The effect sizes were
similar for the last year’s NOx exposure compared to the preceding
5 year mean exposure and the mean exposure since enrolment.
The improved air quality in Gothenburg in the last four decades
have by these estimates yielded substantial health beneﬁts on a
population level, as would potential future improvements.Funding
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